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Section A: Team A5 Command & Service Module

Team A5 - Model Purpose & Overview

The team for this project consisted of the following undergraduate students: Dong Gweon, Nick
Kiratzis, Jake Anderson, and Andrew Silverstein.

As the complexity of systems continuously compound over time, there is an ever increasing need
for widespread collaborative development amongst many of the world’s most advanced industries.
In response to this need, model-based systems engineering (MBSE) is establishing itself as a
powerful methodology for integrating different steps of the systems development lifecycle. In
conjunction with MBSE, general purpose modeling languages such as SysML are proving to be
powerful tools, enabling greater cohesion by standardizing model architectures. The primary
objective of this project was to gain experience with the MBSE workflow, from defining physical
structures, to interfacing with others’ systems, to conducting live parametric analyses.

In particular, the task laid out for this project was to create a parametric SysML model based on a
vehicle from the Apollo program, complete with interdependent subsystems and executable
instances. Our team chose to focus on modeling the command and service module (CSM) during
cislunar flight. The four subsystems we each took individual responsibility over were: radio
communications, electrical power, orbital mechanics, and rocket propulsion. The radio
communications subsystem determines the power required to downlink a range of signals to the
ground station on earth, as well as calculating the signal strength that the ground station will detect
at its receiver. The electrical power subsystem calculates the amount of energy available in the
CSM, as well as the amount of water that is produced as a byproduct of the fuel cell energy
generation. The orbital mechanics package represents the flight computer which computes the
orbital trajectory in transit from Earth to the Moon, including corrections and commands to control
the attitude and propulsion of the CSM. Finally, the rocket propulsion subsystem performs all
necessary calculations to predict burn time for various orbital maneuvers and adjustments.

The organization of the Group A5 system model is conveyed through the package diagram in
Figure 1. Our system model involved a decomposition of the CSM System top-level block. All
elements of the CSM are contained in the CSM Structure package, which is organized according
to each top-level subsystem block and its corresponding package containing all subsystem
elements and diagrams. Additionally, a component of the communication and orbital mechanics
subsystems is interfacing with external systems. In the case of the radio communications
subsystem, external elements were modeled by the creation of the external blocks Environment
and USBGroundStation, which can be seen in Figure 1 in the system package diagram. In the case
of the orbital mechanics subsystem, the external elements Moon and Earth were modeled with
blocks internally.
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Figure 1 — Main package diagram displaying team’s overall model layout and top-level blocks.

All subsystem instances were created in the CSM Analysis package, where parametric analysis
was performed using the ParaMagic plugin with OpenModelica as a back-end solver. For the
project, a requirement to use explicit value types during the creation of value properties for all
calculations. Therefore, the value types defined in the provided Acme_Library were used for the
creation of all the value properties. Although a constraint block library was also provided, custom
constraint blocks were made for all calculations. The block definition diagram featured in Figure
2 displays the decomposition of our model. Each subsystem produces a value property for its own
mass, which are all combined to compute the total system mass. Additionally, each subsystem
produces unique values as well as values that contribute to system wide performance. Once our
full system instance was generated, ParaMagic was used to calculate the top-level parameters and
performance metrics, which were then populated directly back into our SysML model. Many of
these values can be seen listed under the CSM block values in Figure 2, such as mission time
elapsed, energy capacity available, and power transferred to ground station.
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Figure 2 — Block definition diagram of the system with connected subsystems.
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Figure 3 — Parametric diagram of my electrical power subsystem block.

I personally was in charge of modeling the electrical power subsystem of the command and service
module. The primary function of the power subsystem is to generate and store electrical energy,
which can then be utilized for other systems such as communications, life-support, and guidance.
A secondary, but crucial, aspect of the electrical subsystem is drinking water for the crew
conveniently produced from the fuel cell reactions. Although the electrical power subsystem also
consists of the electrical distribution for the CSM, | chose to focus on the power supply



components for my model. Namely, | broke my subsystem up into an auxiliary storage unit, a fuel
cell power plant, and a pyrotechnics battery bank.

As the main power storage component for the command and service module, the auxiliary storage
system has the important role of acting as a buffer between the power plant and the rest of the
CSM. The auxiliary batteries could also be used as an emergency power reserve if any of the power
plants should fail, exactly of which happened during the Apollo 13 mission. The model assumes
the bank is composed of one battery type wired in parallel, as in the actual CSM. The mass and
energy capacity of the auxiliary bank is therefore determined by an individual battery’s nominal
voltage, capacity, and mass, along with a value property describing the quantity of batteries. The
SysML parametric diagram for the auxiliary storage is shown below.
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Figure 4 — Parametric diagram of the auxiliary storage subsystem.

Parametric diagrams were also created for the power plant and pyrotechnic storage aspects of the
electrical power subsystem. The power plant is the most complex out of the three systems that
compose the electrical subsystem. The parametric diagram outlining the power plant is shown in
Figure 5. The capacity of liquid hydrogen (LH2) and liquid oxygen (LOX) tanks are given and
summed to find the total respective mass for each reactant. These total masses for each reactant
are inputted into the power plant total mass equation. At the same time, the amount of hydrogen is
used to compute the amount of water available to be produced by multiplying stoichiometric
factors. This technique assumes hydrogen is the limiting reagent, which limits the flexibility of
this diagram. In the future, it is possible to incorporate a logic function to dynamically determine
the limiting reagent in order to more accurately calculate water produced. This mass value of the
water available is wired into an equation where it is multiplied by the fuel cell operating voltage
and a conversion efficiency factor to give the total available energy for a single fuel cell. The
conversion efficiency is a constant value that for the CSM instance was calculated backwards from
Apollo datasheets specifying water production for various power draws on a fuel cell. The singular
fuel cell energy is finally multiplied by the quantity of fuel cells in the spacecraft’s stack in order
to find the total energy available to be generated. This same fuel cell quantity value is multiplied
by the mass of a single fuel cell to find the total fuel cell stack mass, which is summed with the
reactants to equal the power plant’s total mass.
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Figure 5 — Parametric diagram of the power plant subsystem.

Figure 6 outlines the inputs and outputs of the pyrotechnic storage system. The pyrotechnic
batteries hold a much smaller charge than the auxiliary batteries, as they are only used to detonate
charges during stage separations. The pyro batteries also have different voltage and mass
characteristics, and unlike the auxiliary storage batteries, the pyrotechnic battery bank cannot be
recharged by the power plant. Despite these differences, as well as having a different quantity of
batteries in the default CSM instance, this system has a very similar parametric subsystem to the
auxiliary storage subsystem due to both having similar behaviors.
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Figure 6 — Parametric diagram of the pyrotechnic storage subsystem.



An instance named eecomsl (named after flight control position in charge of electrical,
environmental, and consumables management) was created for the electrical power subsystem to
demonstrate the flexible capabilities of the parametric model. The ParaMagic tool was used to
prescribe the given and target values for the instance and compute the results by implementing
OpenModelica as the math solver. For this instance, all of the values that were considered given
were assigned their default values as determined from NASA’s own archival data on the command
and service module systems. All remaining values were listed as targets, and were successfully
solved for. The next figures below show ParaMagic solving the model and an instance block
definition diagram populated with the values for the total subsystem. Following the instance
figures, two “DNA signatures” from the Panorama tool are provided to aid in visualizing the
interconnectivity within my subsystem and depicting the cohesion of the team’s model as a whole.

@ ParaMagic(R) 18.0 - eecoms’

O X

Name Qualified Name Type Causality Values
E ElectricalSubsystem Apollo_TeamAS5::CSM Analysis: :Electri... ElectricalSubsystem
{1 ElectricalSubsystemEnergy Wh target 377,856.000
-{1] EletricalSubsystemMass kg target 697.000
E-H aux Apollo_TeamA5::CSM Analysis: :Electri... AuxiliaryStorage
-1 aux_battery_capacity A given 40.000
-1 aux_battery_mass kg given 10.000
-1 aux_battery_quantity Real given 3.000
-1 aux_battery_voltage v given 29.000
-1 auxiliary_total_energy Wh target 3,480.000
-1 auxiliary_total_mass kg target 30.000
=8 pwr Apollo_TeamA5::CSM Analysis: :Electri... PowerPlant
-[1] cell_stack_mass kg target 333.000
-1 conversion_efficiency Real given 19.750
-1 fuel_cell_energy Wh target 124,780.500
-[1] fuel_cell_mass kg given 111.000
-1 fuel_cell_quantity Real given 3.000
-1 fuel_cell_voltage v given 27.000
-1 h20_mass kg target 234.000
-1 |h2_mass kg target 26.000
-~ |h2_tank1 kg given 13.000
-0 |h2_tank2 kg given 13.000
-1 lox_mass kg target 296.000
-1 lox_tank1 kg given 148.000
-1 lox_tank2 kg given 148.000
-1 powerplant_total_energy Wh target 374,341.500
-3 powerplant_total_mass kg target 655.000
=-CH pyro Apollo_TeamA5::CSM Analysis: :Electri... PyrotechnicStorage
-1 pyro_battery_capacity A given 0.750
-0 pyro_battery_mass kg given 6.000
-1 pyro_battery_quantity Real given 2.000
-1 pyro_battery_voltage Vv given 23.000
-1 pyrotech_total_energy Wh target 34.500
-1 pyrotech_total_mass kg target 12.000
Collapse All Solve Reset | [ |Preserve Refs| Update to SysML
root ( ElectricalSubsystem )
Name Local Redefined Relation Active
eqnl [y | |ElectricalSubsystemEnergy=pwr.powerplant_total_energy+aux.auxiliary_tota...| [v]
eqn2 Iy [ |[EletricalSubsystemMass=pwr.powerplant_total_mass+aux.auxiliary_total_m... | v

Figure 7 — ParaMagic calculating values for the electrical power subsystem for the eecomsl
instance based on values from the actual Apollo Command and Service Module.
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Figure 8 — Eecomsl instance block definition diagram of electrical system with updated values.
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Figure 9 — Panorama organic visualization of the CSM electrical power subsystem.



Figure 10 — Panorama organic visualization of the four command and service module subsystems
integrated: radio communications, electrical power, orbital mechanics, and rocket propulsion.
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Section B: NASA FireSat Il Research

FireSat Il - Model Description & Details

FireSat Il is the second iteration of a NASA proposed SmallSat for detecting and locating forest
fires across the United States from low Earth orbit. Despite remaining a concept as of yet, there is
an abundance of technical information publicly available on FireSat Il from several preliminary
mission reports. This has made FireSat Il popular as a common reference for demonstrating various
engineering methodologies for space systems, such as the books Space Mission Engineering and
Architecting Spacecraft with SysML. The authors of the latter publication have even provided
SysML files of FireSat 11 available online to be directly imported into MagicDraw. However, there
are limitations with using this given model, due to its focus on behavioral elements with limited
definitions of structure. Therefore, | set out to create my own parametric FireSat 11 model (inspired
by the blocks provided in Architecting Spacecraft). The purpose of creating the model and an
instance myself was to demonstrate the capabilities of the ParaMagic plugin for MagicDraw and
the BuzzToys Panorama visualization tool. Due to project time constraints, only the
communications and controls subsystems (and also part of the electrical subsystem) were created
with a high level of fidelity. The remaining subsystems have given values for mass and power
draw. Below are several diagrams depicting some of the components included in my final model.
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Figure 11 — Block definition diagram of FireSat II’s interconnected subsystems.
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Figure 13 — SysML parametric diagram of the spacecraft’s control system.
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Figure 14 — The parametric diagram of the spacecraft’s communications system is the most
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@ ParaMagic(R) 18.0 - aocs1 s [m} X
Name Qualified Name Type Causality Values
Q Controls FireSat_II_Analysis: :ControlsAnalysis::aocs1 Controls
i1 controls_mtot kg target 70.190;
{0 controls_ptot w target 165.050
=[] Damper FireSat_II_Analysis::ControlsAnalysis::da... Damp_Assem
i -[Wda_m kg given 0.100]
13 {7 Indicator FireSat_II_Analysis: :ControlsAnalysis::indi... Horizon_Ind
i =W hi_m kg given 1.470
i w given 0.050
FireSat_II_Analysis: :ControlsAnalysis::pro... Data_CPU
kg given 13.710]
w given 90.000
FireSat_II_Analysis: :ControlsAnalysis::sol... Sun_Sensor
kg given 0.010
FireSat_II_Analysis: :ControlsAnalysis::mot... BAPTA
kg given 54.900
w given 75.000

Collapse Al

Solve

Reset | [[] Preserve Refs

Update to SysML

root ( Controls )

Name Local Redefined Relation Active
eqnl \4 | |controls_mtot=Spun_Motor.ba_m-+Indicator.hi_m+Processor.dc_m+Damper.da... | lv]
eqn2 ¥ | |controls_ptot=Spun_Motor.ba_p-+Indicator.hi_p+Processor.dc_p | v

given values defined in the FireSat Il mission proposal.

Figure 15 — ParaMagic calculating values for the controls subsystem instance called aocs1, using

@ ParaMagic(R) 18.0 - CDHS1 5 O X
Name Qualified Name Type Causality Values
] communications FireSat_II_Analysis: : C icationsA... C
1] comms_mtot kg target 14.050
{0 comms_ptot w target 33.000
=-C7 Amplifier FireSat_II_Analysis::CommunicationsA... TM_SSPA
kg given 1.345
[0 ts_mtot kg target 2.690]
w given 7.000
w target 14.000
Real given 2.000
E FireSat_II_Analysis::CommunicationsA... Feed_Assem
kg given 0.910
9 fa_mtot kg target 0.910
_ Real given 1.000
E-{7 Omnidirectional FireSat_II_Analysis::CommunicationsA... Omni_Antenna
kg given 0.360]
[0 oa_mtot kg target 0.360]
Real given 1.000
E FireSat_II_Analysis::C icationsA... Parab_Refl
kg given 0.960
9 pr_mtot kg target 0.960
Real given 1.000
E FireSat_II_Analysis: :CommunicationsA... Command_Rec
kg given 2.625
@ cr_mtot kg target 5.250]
w given 6.000]
w target 12.000
Real given 2.000
E-CF Transmitter FireSat_II_Analysis: :CommunicationsA... TM_Trans
kg given 1.940
[ tt_mtot kg target 3.880
w given 3.500
w target 7.000;
Real given 2.000]
Collapse All Solve Reset |:| Preserve Refs ~ Update to SysML
root ( C ications )
Name Local Redefined Relation Active
eqnl [y | |comms_ptot=Receiver.cr_ptot+Amplifier.ts_ptot+Tr .tt_ptot v
eqn2 [y | |comms_mtot=Receiver.cr_mtot+Amplifier.ts_mtot+Transmitter.tt_mtot+Ass... | ||

Figure 16 — ParaMagic calculating values for the communications instance CDHS1.
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«block» E
motor1 : BAPTA
ba_m =54.9
ba_p=75.0
«block» =
damper1 : Damp_Assem
da_m=0.1
«block» = «block» E
processor1 : Data_CPU aocs1: Controls
dc_m=13.71 controls_mtot = 70.19
dc_p=90.0 controls_ptot = 165.05
Damper = damper1
«block» = Indicator = indicator1
indicator1 : Horizon_Ind « : Processor = processor1
— Solar = solar1
h!_m =147 Spun_Motor = motor1
hi_p =0.05
«block» = ]
solar1 : Sun_Sensor
ss m=0.01

Figure 17 — Controls instance block definition diagram populated after solving with ParaMagic.

«block»
Reciever1: Command Rec
cr_m=2.625
cr_mtot =5.25
cr_p=6.0
cr_ptot =120
crgq=20
«block» = | = «block»
idi 5 B ! $ Y i e ¥ ¥ ssembly1:Fee s
Om nidirectional1 : Om ni_Antenna i : : ; Assemblyi:Feed Assem
oa_m =0.36 : : . : o |fam=0.91
3 = fa_mtot = 0.91
oa_mtot = 0.36 o
oa_q=10 L g:= 1
«block» g
CDHS1:C e
Amplifier = Amplifier1
Assembly = Assembly1
comms_mtot = 14.05
comms_ptot =33.0
Omnidirectional = Omnidirectional 1
Parabolic = Parabolic1
Receiver = Recievert
Transmitter = Transmitter1
«block»
«block» gl: : ; : Ir itter1: TM_Tran
Parabolic1 : Parab_Reflector : : : tt.m=194
pr_m=0.96 s 2 T g—mt_"t;s?"%
pr_mtot = 0.96 LS AT .ﬁ—pt;t_-m
pr_g=1.0 : : : ! tt_z i 2—0 .
- «block» =
Am plifier1 : TM_SSPA
ts_m =1.345
ts_mtot = 2.69
ts.p=7.0
ts_ptot =14.0
ts.q=20

Figure 18 — Instance block definition diagram for communications subsystem.
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@ ParaMagic(R) 18.0 - instance1 - O X
Name Qualified Name Type Causality Values
e <5 ot_11_Analysis: :SystemAnalysis:i... System
1] System_Total_Mass kg target 253.540
1] System_Total_Power w target 1,179.950
=-F AOCS FireSat_II_Analysis::ControlsAnalysis::... Controls
-1 controls_mtot kg target 70.190
{1 controls_ptot w target 165.050
&+ Damper FireSat_II_Analysis::ControlsAnalysis::... Damp_Assem
- Indicator FireSat_II_Analysis::ControlsAnalysi . Horizon_Ind
G-F] Processor FireSat_II_Analysis::ControlsAnalysis::... Data_CPU
B-F Solar FireSat_II_Analysis::ControlsAnalysi Sun_Sensor
-7 Spun_Motor FireSat_II_Analysis::ControlsAnalysi BAPTA
B-F CDHS FireSat_II_Analysis::CommunicationsA... Communications
-8 comms_mtot kg target 14.050
-8 comms_ptot w target 33.000
E-CF Amplifier FireSat_II_Analysis::CommunicationsA... TM_SSPA
EH-F Assembly FireSat_II_Analysis::CommunicationsA... Feed_Assem
G-F] Omnidirectional FireSat_II_Analysis::CommunicationsA... Omni_Antenna
B-F Parabolic FireSat_II_Analysis::CommunicationsA... Parab_Reflector
G-[F] Receiver FireSat_II_Analysis::CommunicationsA... Command_Rec
G-CF Transmitter FireSat_II_Analysis::CommunicationsA... TM_Trans
B-{F ECLSS FireSat_II_Analysis::SystemAnalysis: :E... Environment
&7 EPS FireSat_II_Analysis::SystemAnalysis: :E... Electrical
= ocu FireSat_II_Analysis::SystemAnalysis: :0... Payload
-7 PropSys FireSat_II_Analysis::SystemAnalysis: :P... Propulsion
B-{F StructSys FireSat_II_Analysis::SystemAnalysis::S... Structures
-{F] communications FireSat_II_Analysis::CommunicationsA... Communications
-7 controls FireSat_II_Analysis::ControlsAnalysis::... Controls
B-{H electrical FireSat_II_Analysis::SystemAnalysis: :E... Electrical
+-[1] Bank_ptot w given 350.000
[T Electric_mtot kg given 75.690
-0 PV_ptot W given 1,093.000
E1-{H environment FireSat_II_Analysis::SystemAnalysis: :E... Environment
+-[1] Enviro_mtot kg given 0.700
-] Enviro_ptot w given 26.500
2-{H payload FireSat_II_Analysis::SystemAnalysis: :0... Payload
[0 Payload_mtot kg given 8.400
-[1] Payload_ptot w given 25.000
E1-{7 propulsion FireSat_II_Analysis: :SystemAnalysis::P... Propulsion
4 kg given 44.300
w given 13.500
FireSat_II_Analysis::SystemAnalysis::S... Structures
kg given 40.210

Expand I Collapse All Solve | Reset 1 [:| Preserve Refs Update to SysML
root ( System )
Name Local Redefined Relation Active
eqnl Y System_Total_Mass=CDHS.comms_mtot+AOCS.controls_mtot+EPS.Electric... V| A
eqn2 Y (egn2b.pdraw,eqn2.ptot)=(eqn2a.pgen,eqn2.pgen)-System_Total_Power v
ean2a Y (ean2a.baen,ean2.0aen)=EPS.PV_ptot+EPS.Bank btot ¥ n

Figure 19 — ParaMagic calculating values for the completely integrated subsystems comprising
the Fire Sat Il spacecraft. Namely, this instance solves: the communications subsystem, the
controls subsystem, the electrical subsystem, the environmental subsystem, the payload

subsystem, the propulsion subsystem, and the structures subsystem.
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ablocks ; : : ; :
i Conmnmcatons: T b o TR P SRR e RS R PR ORI PR SRR
Amplifier = Amplifier1 : : : : :
. Assembty = Assen‘bly1 .......................... . ......................................
comms_mitot = 14.05 3
commmssplob =330 = @ = Eotosesdiussseniiatedaiias shmmni e an et Al Ay
Omnidirectional = Omnidirectional1 z
Parabo‘ic = ParabOliC1 .................................................................
Receiver = Reciever1
Transmitter = Transmitter1
..... ERRE
aocs1: Controls 3 3 ; ;
..... controls_mtot = 70.19 et T Y e o Vot G e ey e e . .
controls_ptot = 165.05 : : 1 :
..... Damper = damper1
Indicator = indicator1 . .
Processor = processor1 wblocks =
..... Sofr = a0t S GiRoctA = Bytom
Spun_Motor = motor1 AOCS = aocs1
.......................................... CDHS = CDHS1
2 > communications = CDHS1
....... <blocks controls = aocs1
EPS1 : Electrical ECLSS = ECLSS
....... Bank_ptot = 350‘0 TR A T R a e Ey Eh rus B R TN A O T T i elec_tncal = EE,S1
: y : environment = ECLSS
Electric_mtot = 75.69 : : =
....... _ptot = ; S e e L e e s e oot = ocud
. : payload = ocu1
...... : - B R A T A A A SR RO AL SRR AT A Al | = 1 +12 (i = ey hey
«blocks propulsion = PropSys1
ECLSS : Environment StructSys = StructSys1
...... Enviro_miot= 07 Srictires  Siriiicys1
Enviro_ptot = 26.5 System_Total_Mass = 253.54
.............................................. SyStem_TOtal_Power = 1179.95
........ ‘block» CRLY, TS IR I T WD A T TR ok TFCRL R A L TR TL RS R TN T S TRC IO ) o o0 5le e 0.0 We, 00,050 IR o TR A TN
ocu1 : Payload
........ Payload_mot=8'4
Payload_ptot = 25.0 : : ) : :
...... «blocks
PropSys1: Propulsion . :
...... Prop_mtot = 44.3
Prop_ptot = 13.5 : :
«block»
...... SHhictSved - Shictires
Struct_mtot = 40.21

Figure 20 — Instance block definition for the entire FireSat Il spacecraft system in instancel.

16



1.
[1]

[2]

[3]

[4]

[5]

/

,,‘,/a.‘p@w} 77 (_:\"«@h ;

&

;
- I

Figure 21 — Panorama DNA visualization of the interconnected FireSat Il subsystems. Each
subsystem contributes a power and mass value towards the total.
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